ABSTRACT A concurrent study of the nesting biology of the solitary bee Osmia (Helicosmia) chalybea Smith (Hymenoptera: Megachilidae: Osmiini) and its cleptoparasite Stelis (Stelis) ater Mitchell (Hymenoptera: Megachilidae: Anthidiini) proposes that their larval cocoons allow gas exchange between ambient air and internal cocoon air and provide a water-vapor barrier, thus enabling the immature bees to avoid desiccation and simultaneously protecting them from invading parasites and predators. The anterior pole of the cocoon of each species has a nipple-like feature that, although structurally different in each case, seems to allow gas exchange while Þltering out predators and parasites. The purpose of the current study was to test whether the anterior ends of the two cocoons allow gas exchange whereas the posterior ends are indeed essentially air-and water-vaportight. Results clearly support the assumption that cocoons of both species function as predicted and raise the interesting speculation that cocoons of other bee taxa may serve the same functions.
In a concurrent investigation, Rozen and Hall (2011) describe the nesting biology of two members of the leafcuttering bee family Megachilidae: that of the solitary bee Osmia (Helicosmia) chalybea Smith (Osmiini) ( Fig. 1 ) and the other of its cleptoparasite Stelis (Stelis) ater Mitchell (Anthidiini) (Fig. 2) . In so doing, they provide a detailed account of the larval cocoons of the two species. Last larval instars of these two species start spinning cocoons after consuming the provisions needed to reach adulthood and spend the rest of the year (9 Ð10 mo) inside their cocoons before emerging the following spring as adults. Cocoons of both consisted of three layers of fabric, an outer one of crisscrossing strands of loose but dense silk Þbers, a middle layer of Þrmer materials, and a thin inner layer seeming to consist of pale silk Þbers. Silk in bee larvae is discharged from the labial gland through a duct that opens on the labium, much as is found in caterpillars. The inner and outer layers of the cocoons of both species seem to be purely silk. Whereas the middle cocoon layer of O. chalybea is semitransparent grayish and possibly composed of silk, that of S. ater is opaque very dark brown to almost black, suggesting the middle layer at least of that species comes from a different source. According to Torchio (1989) for another Stelis species, the material is discharged through the anus and is presumably excreta from the Malpighian tubules.
The cocoons of both species bear an external, nipple-like projection at their anterior poles. The internal nipple structures differ considerably from one another, and the nipple of S. ater is much longer externally (Fig. 2) ; that of O. chalybea is obscured by a cottony mass of whitish silk (Fig. 1) . However, Rozen and Hall (2011) ascribe to the cocoons of both species the same three functions: 1) allowing gas exchange between the outside atmosphere and the inside of the cocoon, which houses the living, developing bee that during this sequestered period will pass from the larval and pupal stages into the start of its adult life; 2) protecting the inhabitant from desiccation; and 3) excluding from the cocoons parasitic mites, parasitic wasps, other possible arthropod predators and parasites, and perhaps microbial pathogens that might attack the developing bee. Rozen and Hall (2011) describe the various barriers and screens that the larva of each species spins during nipple construction, and we diagram here (Figs. 3 and 4) the gas exchange routes through the completed nipples. They point out that beneath the external nipple, the underlying inner layer of the cocoon bears a screen in the case of O. chalybea and a more irregular series of fenestrations in the case of S. ater. Thus, the nippled cocoon ends of both species are complex air Þlter systems.
The woven, external cocoon appearance as well as the smoother though Þbrous inner appearance of the cocoon wall raises the question might not the cocoon fabric be porous enough to permit gas exchange? To explore this question, Rozen and Hall (2011) examined, with a scanning electron microscope (SEM), a portion of the inner posterior wall of the cocoons of both species (Figs. 5 and 6) . The surfaces were without fenestrations, whereas the nipple ends showed clearly a woven screen in the case of most O. chalybea (Figs. 7 and 8) and more scattered fenestrations in S. ater (Figs. 9 and 10) . Despite the woven appearance of the silk of the inner cocoon lining in both species, the strands either fused together or were embedded in a transparent material forming a seemingly complete barrier except for openings at the nipple ends. The current effort examines the extent to which gas can diffuse through the anterior part of the cocoon compared with the posterior part of the cocoon.
Materials and Methods
To test the comparative diffusion rates between the anterior half of cocoons of the two species with the posterior halves of the same cocoons, J.R.R. used a mass spectrometer leak detector, which is a specialized vacuum system that measures the inÞltration of a tracer gas (in this case, helium) applied to the exterior of the cocoon under test. The interior of the cocoon is evacuated by a series of vacuum pumps inside the leak detector, and the tracer gas ßowing through the sample passes into a mass spectrometer inside the machine, which is only sensitive to atoms of the trace gasÕs atomic weight. Electronics connected to the sensor provide a calibrated readout of the amount of gas inßow into the item under test.
The cocoon half to be tested has the tracer gas applied to the exterior, while its interior is under vacuum, because it is attached to the test port of the leak detector machine (see Figs. 11Ð14). The leak rates are expressed in atmospheres ϫ cubic centimeters per second (atm-cc/s). For example, a leak rate of 1 atmcc/s means that 1 cm 3 of gas will ßow through the sample per second if there is a pressure differential across the barrier of 1 atm. In most cases, because trace gas is applied at atmospheric pressure and the inside the sample is evacuated, the pressure differential is just about exactly 1 atm.
Sample Preparation. Three cocoons of each species were cut into approximate equal halves with iridectomy scissors, and larvae within were removed. The result for each cocoon was a pair (anterior half with nipple end and posterior half, a simple hemisphere. Stelis cocoons were Ϸ5.59-mm (Ϸ0.220-in.) i.d., and Osmia cocoons were very nearly exactly 6.35-mm (0.250 in.) i.d. Typical wall thickness for all cocoons was between 0.102 and 0.127 mm (0.004 and 0.005 in.). Anterior and posterior halves were always maintained as pairs during the testing process. ) brass tubing was prepared to be a snug Þt into the open ends of each sample, to provide Ϸ0.13-mm (Ϸ0.005-in.) diametral clearance by swaging down the tubing end to achieve correct Þt. The swaging was done in a lathe collet with lever type closer with the spindle stationary. The brass tubing was then given a light radial Þnish using a Þne abrasive pad and cleaned in ethanol to remove any contamination. In each case, the sample halves were mounted to their respective brass tubes using a commercial epoxy adhesive (Loctite brand, model 1C Hysol, a silica/talc-loaded epoxy formulation) in the following manner: the interior surface of the open end of the cocoon was given a narrow (Ϸ0.25-mm) band of adhesive, taking care not to introduce any adhesive into the interior of the hemispherical cavity of the sample. Next the brass tubing was given a somewhat wider band of adhesive around its exterior end (Ϸ0.5 mm in width) and then the brass tubing end was inserted into the cocoon opening, so the adhesive sealed the as- sembly together. Once mated, the cut edge of the cocoon wall was coated with additional adhesive around the entire circumference, fully embedding the cut ends of the silk Þbers. The adhesive was allowed to cure overnight before testing the assembled samples (Figs. 11 and 12 show the assembly procedure, before and after application of adhesive).
Need for Dilute Tracer Gas. Anterior portions of all cocoons exhibited very large leak rates, so the tracer gas was diluted to permit direct comparisons between the high-ßow anterior samples, and the more leaktight posterior samples. If pure helium had been used, anterior sample leak rates would exceed the leak detectorÕs full-scale range, preventing accurate comparison of gas ßow behavior between the anterior and posterior sections of each cocoon. Because of instrumentÕs high sensitivity, there is no difÞculty in measuring very small leak rates of the posterior sections, even though the trace gas is diluted. To achieve this we used a small amount of helium gas diluted into a larger amount of nitrogen, which is an inert gas not analyzed by the leak detector (the leak rates measured ignore the nitrogen gas, although the pressures inside the samples under test are affected by the nitrogen).
A stainless steel sample bottle (500-cc volume) was Þtted with a valve manifold, pressure gauge, and a Þtting to mate to small-diameter (Ϸ2-mm) nylon tubing. The assembly was evacuated, leak tested, and then pumped and purged with nitrogen gas several times. It was then evacuated to the lowest pressure attainable by the leak detector.
The sample bottle was next Þlled with 100 torr of helium gas as measured by a absolute pressure gauge (Wallace & Tiernan FA-160), valved off, and then disconnected from the helium source. Finally it was connected to a nitrogen gas source, and pressurized to 90 psig (corresponding to 105 psi absolute). The sample bottle thus contained a mixture of 0.1316 atm of helium, in 7.011 atm of nitrogen. The trace gas mixture was therefore 1.88% helium in nitrogen. Dilute trace gas gave an accurate measure of the ratio of ßow rates for all sample pairs tested here, and sample-to-sample comparisons were directly drawn.
However, dilute trace gas did not provide absolute ßow rate numbers for any given sample directly. In conclusion, we show how absolute ßow numbers for all samples under test were inferred from a simple cross-calibration between dilute trace gas and pure helium. All measurements detailed here were performed using a single Þll into the tracer gas bottle.
Sample Testing. The brass tubes with cocoon samples sealed to them were connected each in turn to a mass spectrometer helium leak detector (SmartTest model HLT-550, PÞeffer, Asslar, Germany) via an Oring sealed quick-disconnect Þtting and evacuated by the machineÕs pumps. The overall experimental setup is shown in Fig. 13 , with a close up of the sample under test in Fig. 14. There was an additional Þne screen interposed between the leak detectorÕs test port and the sample to intercept any particulates in the event cocoon samples disintegrated under test (inspection of the sieve revealed no particles after the testing was completed). The test port pressure, once stabilized, was recorded for each sample, and then a polyethylene cover was placed over the sample. The sample cover (as seen in Fig. 15 ) was ßooded with tracer gas by connecting the small tubing from the gas bottle manifold to the cover and admitting gas from the manifold into the volume above the sample by slowly opening a valve on the manifold.
For each anterior (nippled) portion of the various samples, the ßow rate through the item was sufÞ-ciently large that tracer gas was admitted in a continuous manner to allow a steady-state reading of the leak rate to be determined. For the posterior portions, it was sufÞcient to ßood the volume with trace gas once, immediately obtaining a steady-state measure of the leak rate. The Þnal stable leak rate value was recorded for each sample.
Results
Raw data for all samples are shown in Table 1 , including the ratio R, which is calculated by dividing the anterior leak rate value by the posterior leak rate value, for each sample pair. 
Conclusion 1.
This ratio directly compares the gas tightness of the anterior cocoon portions with the gas tightness of the posterior portions. Cocoons with large values of R exchange gas mostly through their anterior nippled ends and hardly at all through their posterior ends. The larger the R, the more this is true. R was startlingly large for all Stelis cocoons, on order of tens of millions. Osmia cocoons were somewhat variable, with R between hundreds and tens of thousands. This implies that in both species mechanisms exist that achieve tight control of where and how gasses are exchanged across cocoon walls.
Conclusion 2. All anterior portions had very large, similar leak rates. The elevated test port pressures for the anterior samples echo the large leak rates. Each species constructs a Þlter apparatus that allows free exchange of gas into the cocoon. Because the initial measurements of leak rates used dilute trace gas, they cannot be used directly to estimate exactly how freely gas may enter cocoons. This requires absolute gas ßow numbers. To convert the relative diffusion rates as shown in Table 1 into absolute gas ßow numbers, another experiment was performed where Stelis posterior sample two was retested using pure helium as a tracer gas. The leak rate thus measured was Ϸ77 times larger than the same sample when using diluted trace gas. It is therefore possible to convert any of the gas ßow data taken using dilute trace gas, to absolute ßow rates, by multiplying the diluted gas leak rates by 77. Doing this to the average leak rate of the six anterior samples (45 ϫ 10 Ϫ2 atm-cc/s) for dilute trace gas gives an effective gas ßow rate of 2.7 atm-cc/s. Given that the internal volume of any of these intact cocoons is roughly 1 cc, it is apparent that even for very small pressure differentials across the cocoon walls, the measured gas ßow number implies large ßow rates of gas molecules through the Þlter structures on the anterior ends of the cocoons. That both species with remarkably different Þlter structures exhibit the same gas ßow rates is noteworthy.
As an aside, the multiplicative constant of 77 obtained experimentally is somewhat different from the value one would calculated based only on the dilution level for the trace gas, which would be 1/1.88% or 1/0.0188 ϭ 53. The theoretical value of 53 here does not account for the different ßow rates between the smaller, lighter helium atoms compared with the heavier nitrogen diluent gas. The experimental number of 77 has this correction factor implicitly included so the estimates of the actual true mass ßow numbers for the anterior sections in absolute terms should use the experimental value.
Conclusion 3. The posterior portions are remarkably leak tight in absolute terms, especially those of Stelis. The leak rate numbers for those structures rival, and for the Stelis samples, exceed that of engineering polymers. For comparison purposes the helium leak rate of a polyimid (Kapton) Þlm was measured. A piece of 0.127-mm (0.005-in.) thick polyimid Þlm was mounted to a larger diameter brass tube using the same adhesive. The diameter of the Þlm presented to the test port was 10 mm, and the leak rate of the Þlm was measured using pure helium as a tracer gas. Comparing the leak rate of the second Stelis cocoon (again using pure helium as the trace gas) with the Kapton Þlm can be done on a nearly direct basis, given that the surface areas under test in each case are nearly the same, and the thickness nearly exactly the same. The Kapton Þlm has a 78.5-mm 2 area, whereas the cocoon end, modeled as a 5.58-mm hemisphere on top of a 1-mm-tall cylinder, can be shown to have a surface area Ignoring the slightly smaller area of the Kapton Þlm it is notable that the leak rate of the Þlm was Ϸ4 times larger than that of the cocoon posterior portion. Thus an insect can construct cocoon materials that are better than a high-quality artiÞcial polymer for impeding gas atom diffusion.
Discussion
Literature on bee biology contains many descriptions of cocoons of various species of solitary bees, but there are few references as to how these structures function. Insect cocoons in general are assumed to protect the inhabitant from predators, parasites, the physical environment, or a combination, after the insect has Þnished feeding and when it undergoes pupation and often hibernation. Rozen and Jacobson (1980) apparently were the Þrst to suggest that the structure (they termed the "macropyle") at the front end of the cocoon of Macropis nuda (Provancher) and some other Melittidae serves to exchange air between inside and outside of the cocoon. "The webbing might also serve as a Þlter, barricading the Macropis against potential parasites and predators." Neff and Simpson (1992) stated that the front end (referred to as a "cocoon nipple" because of its external shape) of Osmia subfasciata Cresson is "a complex structure which apparently serves as an air exchange mechanism for the otherwise impervious cocoon." The current study substantiates their claim and suggests that the airtight feature functions as a barrier to water-vapor loss, protecting the cocoon inhabitant from desiccation. SEM micrographs, macrophotographs, diagrams, and descriptions of front ends of cocoons of other taxa reveal structural similarities to those of Osmia (Megachili
